INTRODuCTION
An optimum utilization of Ca and P by pigs is expected if diets are formulated to meet requirements for standardized total tract digestible (STTD) Ca and STTD P. Requirements for total Ca in diets fed to growing pigs may be calculated by multiplying the requirements for STTD P by 2.15 (NRC, 2012) , but no STTD Ca requirements have been reported because of a lack of data for standardized total tract digestibility AbSTRACT: Two experiments were conducted to determine the requirement for standardized total tract digestible (STTD) Ca by 11-to 25-kg pigs based on growth performance, bone ash, or Ca and P retention and to determine the effect of dietary Ca on expression of genes related to Ca transport in the jejunum and kidneys. Six diets were formulated to contain 0.36% STTD P and 0.32, 0.40, 0.48, 0.56, 0.64, or 0.72% STTD Ca by including increasing quantities of calcium carbonate in the diets at the expense of cornstarch. Two additional diets contained 0.72% STTD Ca and 0.33% or 0.40% STTD P to determine if 0.36% STTD P had negative effects on the Ca requirement. The same batch of all diets was used in both experiments. In Exp. 1, 256 pigs (11.39 ± 1.21 kg initial BW) were randomly allotted to the 8 diets with 4 pigs per pen and 8 replicate pens per diet in a randomized complete block design. On the last day of the experiment, 1 pig from each pen was euthanized and the right femur and intestine and kidney samples were collected. Results indicated that ADG and G:F started to decline (linear and quadratic, P < 0.05) at 0.54 and 0.50% STTD Ca, respectively. In contrast, bone ash increased (quadratic, P < 0.05) as dietary Ca increased and reached a plateau indicating that the requirement for STTD Ca to maximize bone ash was 0.48%. Bone ash, but not ADG or G:F, increased (linear, P < 0.01) as STTD P increased in the diets. The mRNA expression of genes related to transcellular Ca transport decreased (linear, P < 0.01) in the jejunum and in kidneys (linear and quadratic, P < 0.01) as dietary Ca increased. In Exp. 2, 80 pigs (13.12 ± 1.79 kg initial BW) were placed in metabolism crates and randomly allotted to the 8 diets with 10 replicate pigs per diet in a randomized complete block design. Fecal and urine samples were collected using the marker-to-marker approach. Results indicated that the requirement for STTD Ca to maximize Ca and P retention (g/d) was 0.60 and 0.49%, respectively. In conclusion, the STTD Ca requirement by 11-to 25-kg pigs to maximize bone ash was 0.48%; however, ADG and G:F declined if more than 0.54 or 0.50% STTD Ca, respectively, was fed, and the minimum concentration of Ca needed to maximize ADG and G:F could not be determined under the conditions of this experiment. Increasing dietary Ca decreased the mRNA expression of several genes related to transcellular Ca transport in the jejunum and the kidneys.
of Ca (NRC, 2012) . However, recent experiments have generated values for standardized total tract digestibility of Ca in several commonly used Ca sources (González-Vega et al., 2014 , 2015a . Therefore, requirements for digestible Ca may now be established. The concentration of STTD Ca needed to maximize growth performance is expected to be less than the concentration needed to maximize bone ash and Ca retention in young growing pigs (NRC, 2012) , but because 96 to 99% of Ca is deposited in skeletal tissue (Crenshaw, 2001) , no differences between concentrations of STTD Ca needed to maximize bone ash and Ca retention are expected.
Vitamin D may influence the expression of genes involved in transcellular transport of Ca, which is mainly used if dietary Ca is low (Kutuzova and DeLuca, 2004) , and in dogs, GH and IGF-1 may indirectly affect Ca absorption because of regulation of vitamin D synthesis (Tryfonidou et al., 2003) . Research has been conducted in broiler chickens, rats, and mice to evaluate the effect of dietary Ca concentrations on expression of genes involved in transcellular transport of Ca in the small intestine and kidneys (Armbrecht et al., 1980 (Armbrecht et al., , 2003 Rosenberg et al., 1986; Hurwitz et al., 1995; van de Graaf et al., 2004; Healy et al., 2005; Ko et al., 2009 ), but limited data have been reported for pigs. Therefore, the objectives of the present experiments were to determine the requirement for STTD Ca by 11-to 25-kg pigs to maximize growth performance, bone ash, and Ca retention and to determine the effect of dietary Ca on the expression of genes involved in transcellular transport of Ca in jejunal and kidney cells.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee at the University of Illinois reviewed the protocols for the 2 experiments. Pigs used in both experiments were the offspring of G-Performer boars and Fertilis 25 females (Genetiporc, Alexandria, MN).
Experiment 1: Growth Performance, Bone Ash, and Gene Expression Animals, Diets, and Feeding. Two hundred fiftysix pigs (11.39 ± 1.21 kg initial average BW) were randomly allotted to 8 diets with 8 replicate pens per diet in a randomized complete block design. Pen was the experimental unit and 2 barrows and 2 gilts were housed in each pen. The experiment was conducted in 2 blocks; 1 block with 3 replicate pens per diet and 1 block with 5 replicate pens per diet. The Experimental Animal Allotment Program was used to allot pigs to experimental diets. Pigs were housed in pens with fully slatted floors, and room temperature was controlled (27.5 ± 2.1°C maximum temperature and 24.1 ± 2.2°C minimum temperature).
Diets were based on corn, soybean meal, and lactose (Table 1) . A diet containing 0.36% STTD P and 0.32% STTD Ca was formulated (Tables 2 and 3) . Five additional diets were formulated to contain 0.36% STTD P and 0.40, 0.48, 0.56, 0.64, or 0.72% STTD Ca, by including increasing quantities of calcium carbonate in the diets at the expense of cornstarch. The 3 diets with the least concentrations of Ca contained less total Ca than the requirement according to the NRC (2012) and the 3 diets with the greatest concentrations of Ca met or exceeded the Ca requirement, but the concentration of STTD P in all diets was 10% above the requirement (NRC, 2012; Table 3 ). Two additional diets were formulated to contain 0.72% STTD Ca and 0.33% (NRC [2012] requirement) or 0.40% STTD P. Microbial phytase was not included in any diets.
Growth Performance and Bone Measurements. Pigs were allowed ad libitum access to feed and water throughout the experiment, and pigs were weighed at the beginning of the experiment, on d 10, and at the conclusion of the experiment (d 22). The amount of feed offered was recorded every day, and the amount of feed left in the feeder at the conclusion of the experiment was subtracted from the quantity of feed offered. On the last day of the experiment, 1 barrow in each pen that had a BW closest to the average BW of the pen was euthanized via captive bolt stunning. The right front foot and the right hind leg were removed and stored at −20°C and later autoclaved separately at 125°C for 55 min. The third and fourth metacarpals were removed from the feet and femurs were removed from the hind legs. The marrow of the broken metacarpals and femurs , 2007) . The ash from the femurs was also analyzed for Ca and P. Corn, soybean meal, and lactose were analyzed for GE using an isoperibol bomb calorimeter (model 6300; Parr Instruments, Moline, IL). Benzoic acid was used as the standard for calibration. Corn, soybean meal, lactose, and diets were analyzed for N using the combustion procedure (method 990.03; AOAC Int., 2007) on an Elementar Rapid N-cube protein/nitrogen apparatus (Elementar Americas Inc., Mt. Laurel, NJ) and CP was calculated as N × 6.25. Corn, soybean meal, and diets were also analyzed for ADF (method 973.18; AOAC Int., 2007) and NDF (Holst, 1973) . Corn and soybean meal were calorimetrically analyzed for P in phytic acid with an assay kit (K-PHYT; Megazyme International, Wicklow, Ireland). Diets were analyzed for phytate P using a Foss near-infrared spectrometer (AB Vista, Memphis, TN) with the phytate P levels predicted using AUNIR (Northamptonshire, UK) calibration standards based on the K-PHYT assay kit (Megazyme International, Co. Wicklow, Ireland) .
Sample Collection for Gene Expression. From 48 euthanized pigs that were fed diets containing 0.36% STTD P and 0.40, 0.48, 0.56, 0.64, or 0.72% STTD Ca, 5-cm jejunum tissue samples were collected from the middle region of the small intestine, cut longitudinally, washed with PBS, and scraped with microscope slides to recover the mucosal layer (Mao et al., 2015) . Kidney samples were collected from these pigs between the renal cortex and the renal medulla. Scraped mucosal layer and kidney samples were snap-frozen in liquid N immediately after collection and stored at −80°C.
Ribonucleic Acid Extraction and Quantitative Reverse-Transcription PCR. The RNA was extracted from 100 mg of tissue using the PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA) according to manufacturer's instructions. The RNA quantity and quality were assessed using the ND-1000 NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE) and the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), respectively (average RNA integrity number = 9.63 ± 0.36). The RNA was subjected to reverse transcription by using the Superscript III First-Strand Synthesis SuperMix (Invitrogen) to synthesize the double-stranded cDNA. Double-stranded cDNA was diluted and used for quantitative reverse-transcription PCR. Each 10-μL reaction consisted of 5 μL SYBR Green (Applied Biosystems, Foster City, CA), 4 μL diluted cDNA sample, 0.4 μL of 10 μM forward and reverse primer, and 0.2 μL deoxyribonuclease/ribonuclease-free water. The reactions were performed in an ABI Prism 7900 HT (Applied Biosystems) using the following conditions: 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C. An additional dissociation stage was added to verify the presence of a single PCR product. All reactions were run in triplicate. Data were analyzed using the 7900 HT Sequence Detection Systems Software (version 2.2.1; Applied Biosystems). Two internal control genes, glyceraldehyde 3-phos phate dehydrogenase (GAPDH) and hydroxymethylbilane synthase (HMBS), were used to normalize the expression of tested genes (Vigors et al., 2014) . Tested genes included S100 calcium binding protein G (S100G), transient receptor potential cation channel, subfamily V, member 6 (TRPV6), ATPase, Ca 2+ transporting, plasma membrane 1 (ATP2B1 or PMCA1), and vitamin D (1, 25-dihydroxyvitamin D 3) receptor (VDR) in jejunal samples and S100G, calbindin 1, 28 kDa (CALB1), TRPV6, transient receptor potential cation channel, subfamily V, member 5 (TRPV5), ATP2B1, and VDR in kidney samples. All of these genes are important for transcellular transport of Ca. Primers are listed in Table 4 and primers for TRPV5 and CALB1 were designed using the Primer3 program (Ye et al., 2012) . All primers were commercially synthesized by Applied Biosystems. Primers for TRPV5 and CALB1 were verified by gel electrophoresis and sequencing.
Calculations and Statistical Analysis. The percentage of phytate-bound P in corn and soybean meal was calculated as 28.2% of phytate . The percentage of phytate in diets was calculated by dividing the analyzed phytate-bound P by 0.282, and to calculate the percentage of nonphytate P, the amount of phytate-bound P was subtracted from the amount of total P. The dietary cation-anion difference (DCAD) was calculated using the following equation:
in which DCAD is expressed in milliequivalents per kilogram and Na, K, and Cl are expressed in percentage in the diet. Values for Na, K, and Cl were calculated rather than analyzed (NRC, 2012) . The ADG, ADFI, and G:F were calculated for each pen and treatment group. Bone ash percentage was calculated by dividing the quantity of bone ash by the quantity of fat-free dried bone and multiplied by 100. To obtain the relative gene expression, the average of the quantity of triplicate samples were calculated and divided by the geometric mean of the 2 internal control genes. The gene expression data were expressed as an n-fold change relative to the average of the diet containing the least concentration of Ca (0.32% STTD Ca).
Normality of residuals and identification of outliers were determined by the UNIVARIATE procedure of SAS (SAS Inst. Inc., Cary, NC). Gene expression data that were expressed as n-fold change were log 10 transformed to align measures to a normal distribution. Body weight, ADG, ADFI, G:F, bone variables, and logarithmic-scale gene expression data were analyzed using PROC MIXED of SAS. The model included diet as the fixed effect and block as the random effect. The LSMEANS procedure was used to calculate mean values for treatments. Gene expression data presented in figures were back-transformed using the antilogarithm. Linear and quadratic effects of increasing levels of STTD Ca were determined using CONTRAST statements. The NLIN procedure of SAS was used for broken-line analysis if the linear effect was significant and for quadratic analyses if the quadratic effect was significant. If both linear and quadratic effects were significant, the intersection of the broken line and the quadratic line was determined (Baker et al., 2002) . Pen was the experimental unit, and results were considered significant at P ≤ 0.05 and considered a trend at P ≤ 0.15.
Experiment 2. Ca and P Balances
Animals, Diets, and Feeding. Eighty pigs (13.12 ± 1.79 kg initial average BW) were randomly allotted to 8 diets with 10 replicate pigs per diet in a randomized complete block design. The 8 diets used in Exp. 1 were also used in Exp. 2, and the amount of each diet that was needed for both experiments was mixed in 1 batch. This experiment was conducted in 2 blocks with 40 pigs and 5 replicate pigs per diet in each block. The Experimental Animal Allotment Program was used to allot pigs to experimental diets. Pigs were individually housed in metal metabolism crates that were equipped with a slatted floor, a feeder, and a nipple drinker. A screen floor and a urine pan were placed under each crate, and a bucket was placed under each urine pan, which allowed for total collection of feces and urine. Pigs had free access to water throughout the experiment. The room temperature was controlled (27.5 ± 1.6°C maximum temperature and 23.8 ± 1.1°C minimum temperature). Pigs were fed 3 times the daily maintenance energy requirement (i.e., 197 kcal of ME/kg BW 0.60 ; NRC, 2012). The daily allotments of feed were divided into 2 equal meals and provided at 0700 and 1700 h. Pigs were fed each diet for 13 d, and the initial 5 d were an adaptation period to the diets, and fecal samples were quantitatively collected from the feed provided from d 6 to 11 using the marker-to-marker approach (Adeola, 2001 ). The beginning of fecal collections was marked by adding 0.5% indigo carmine to the morning meal on d 6, and the conclusion of fecal collection was marked by adding 0.5% ferric oxide to the morning meal on d 11. Fecal samples were collected every morning and afternoon during the collection period. Urine samples were collected every morning from d 6 to 11, and 50 mL of 6 N HCl was added to each bucket after they were emptied. Fecal samples and 20% of the collected urine were stored at −20°C immediately after collection. Orts collected during the collection period were dried in a forced-air oven at 65°C, and feed intake was calculated by subtracting the orts from the feed provided.
Sample Analysis and Statistical Analysis. Before analysis, urine samples were thawed at room temperature and thoroughly mixed, and a subsample of 10 mL was collected. Urine samples were analyzed for Ca and P as explained for Exp. 1. Fecal samples were dried in a forced-air oven at 65°C and then ground in a Wiley mill (model 4; Thomas Scientific, Swedesboro, NJ) using a 1-mm screen. Fecal samples were analyzed for DM as explained for Exp. 1 and for Ca and P by ICP-OES (method 965.17; 985.01; AOAC Int., 2007) . Values for absorption and retention of Ca and P were calculated as explained by González-Vega et al. (2013) . Data were analyzed using PROC MIXED of SAS as explained for Exp. 1. Pig was the experimental unit, and results were considered significant at P ≤ 0.05 and considered a trend at P ≤ 0.15.
RESuLTS

Experiment 1: Growth Performance, Bone Ash, and Gene Expression
All pigs remained healthy and consumed their diets without apparent problems, but 1 gilt died due to meningitis and data for ADG, ADFI, and G:F of the remaining Vigors et al., 2014 pigs in the pen for this pig were adjusted . There were no effects of increasing concentration of STTD Ca on final BW or ADFI (Table 5) . However, overall ADG decreased (quadratic, P < 0.05) as the concentration of STTD Ca increased (Fig. 1) . The concentration of STTD Ca at which ADG started to decline was 0.54% as determined by the intersection between the quadratic and the broken-line analyses. Likewise, overall G:F decreased (quadratic, P < 0.01) as the concentration of dietary STTD Ca increased (Fig. 2) . The G:F intersection between the quadratic and the broken-line analyses was at 0.50% STTD Ca. In contrast, total bone ash and total bone Ca in grams in femurs increased (linear, P < 0.05, and quadratic, P < 0.05) as the concentration of STTD Ca increased ( Fig. 3 and 4, respectively) . Likewise, total bone P in grams in femurs and total bone ash in grams in metacarpals increased (quadratic, P < 0.05) as the concentration of STTD Ca increased ( Fig. 5  and 6 , respectively). The concentrations of dietary STTD Ca to maximize total bone ash, total bone Ca, and total bone P in femurs and bone ash in metacarpals were 0.48, 0.50, 0.56, and 0.54%, respectively. There was no effect of increasing concentration of STTD P on BW, ADG from d 1 to 10 or from d 1 to 22, ADFI, G:F from d 1 to 10, or bone P percentage in femurs (Table 6 ). However, ADG from d 10 to 22, G:F from d 10 to 22 and from d 1 to 22, bone ash, bone Ca, and bone P in grams in femurs and bone ash in grams in metacarpals linearly increased (P < 0.05) as the concentration of STTD P increased. Bone Ca percentage in femurs tended to increase (P = 0.144) as concentration of STTD P increased. Bone ash in percent of dried bone weight in metacarpals increased (linear, P < 0.01, and quadratic, P < 0.01) as the concentration of STTD P increased.
Gene Expression. The effect of increasing the concentration of STTD Ca was evaluated for the internal control genes in the jejunum and kidneys, and as expected, the mRNA expression of the internal control genes was not affected by the concentration of STTD Ca in diets. In the jejunum, the mRNA expression of TRPV6 linearly decreased (P = 0.01) as the concentration of STTD Ca increased (Fig. 7) . There was a tendency (P < 0.15) for a linear and quadratic decrease in the mRNA expression of S100G as the concentration of STTD Ca increased. However, the mRNA expression of ATP2B1 increased (quadratic, P < 0.001) as dietary STTD Ca increased, reaching the maximum expression for the diet containing 0.64% STTD Ca and 0.36% STTD P (STTD Ca:STTD P ratio: 1.78). Likewise, the mRNA expression of VDR increased (quadratic, P < 0.01) as the concentration of STTD Ca increased, reaching the maximum expression for the diet containing 0.64% STTD Ca and 0.36% STTD P (STTD Ca:STTD P ratio: 1.78). However in the kidneys, the mRNA expression of TRPV6 (linear, P < 0.001), TRPV5 (linear, P < 0.001), S100G (linear, P < 0.001, and quadratic P = 0.056), and CALB1 (linear and quadratic, P < 0.01) decreased as the concentration of STTD Ca increased (Fig. 8) . Increasing concentration of STTD Ca increased (quadratic, P < 0.01) the mRNA expression of VDR in the kidneys, reaching the maximum expression for the diet containing 0.56% STTD Ca and 0.36% STTD P (STTD Ca:STTD P ratio: 1.56). However, increasing concentration of STTD Ca had no effect on mRNA expression of ATP2B1 in the kidneys.
Experiment 2. Ca and P Balances
Balance of Ca. Pigs consumed the diets and remained healthy throughout the experiment. There was no effect of increasing concentration of STTD Ca on feed intake (Table 7) . However, Ca intake, Ca absorption, and Ca excretion as percentage of intake increased (linear, P < 0.001) as dietary STTD Ca increased. Likewise, fecal and urine Ca output and Ca excreted in grams per day increased (linear, P < 0.001 and quadratic, P < 0.05) as the concentration of dietary STTD Ca increased. However, Ca retained as percentage of intake decreased (linear, P < 0.001) as dietary STTD Ca increased. The quantity of Ca retained in grams per day increased (linear, P < 0.001, and quadratic, P < 0.05) as dietary concentration of STTD Ca increased. The concentration of STTD Ca needed to maximize Ca retention in grams per day was 0.60% (Fig. 9 ). Increasing dietary STTD P did not affect feed intake, Ca intake, or absorbed Ca. However, increasing concentration of STTD P decreased fecal Ca output (linear and quadratic, P < 0.05), Ca excreted in grams per day (linear and quadratic, P < 0.05), urinary Ca output (linear, P < 0.001), and Ca excretion as percent of intake (linear, P < 0.001). In contrast, Ca retention as percent of intake increased (linear, P < 0.001) as the concentration of STTD P increased. Balance of P. Intake, absorption, and excretion of P in grams per day were not affected by increasing the concentration of STTD Ca in the diet (Table 8 ). However, urine P output and P excretion as percent of intake decreased (linear, P < 0.05, and quadratic, P < 0.01) as the concentration of STTD Ca increased. There was a tendency (P < 0.15) for an increase in the quantity of P retained in grams per day as the concentration of STTD Ca increased. The concentration of STTD Ca needed to maximize P retention in grams per day was 0.49% (Fig. 10) . Fecal P output increased (linear, P < 0.01) and P retention (% of intake) increased (linear, P < 0.05, and quadratic, P < 0.01) as the concentration of STTD Ca increased. There were no effects of increasing concentration of STTD P in the diet on fecal or urinary output of P or P excretion in grams per day. However, the quantity of absorbed and retained P in grams per day increased (linear, P < 0.05) as dietary STTD P increased. There was a tendency (P < 0.15) for an increase in P intake and P retention in percent of intake as concentration of STTD P increased; however, P excretion in percent of intake tended to decrease (P = 0.07) as concentration of STTD P increased.
DISCuSSION
The concentration of Ca and P in corn and monocalcium phosphate were in agreement with reported values (de Blas et al., 2010; Rostagno et al., 2011; NRC, 2012) , but the concentration of Ca and P in soybean meal and calcium carbonate were greater than reported values de Blas et al., 2010; Rostagno et al., 2011; NRC, 2012) . However, all ingredients were analyzed before diet mixing so these differences did not influence concentrations of Ca and P in the diets, and the analyzed Ca and P in all diets were close to calculated values. All diets had DCAD values (182.4 mEq/kg) that were below values that may reduce growth performance of pigs (from 269 to 388 mEq/kg; Guzmán-Pino et al., 2015) .
The ratio of Ca and P in the diets is important to consider because an excess or deficiency of one mineral may affect the utilization of the other (Crenshaw, 2001) . In the present experiment, 0.36% STTD P was used, which is 10% above the requirement (NRC, 2012) to make sure pigs were not deficient in P. Results indicated that there were no differences in growth performance between pigs fed the 0.36% STTD P and those fed the 0.33% STTD P. The reduced quantity of bone ash in pigs fed the diet containing 0.33% STTD P was expected because P requirements are established to maximize growth performance but not bone ash (NRC, 2012) . The observation that pigs fed 0.40% STTD P had greater G:F and Ca retention than pigs fed 0.36% STTD P indicates that pigs fed 0.36% STTD P may have been marginally deficient in STTD P for these variables despite receiving 10% more P than the requirement.
Results illustrate that the quantity of STTD Ca that is needed to maximize retention of Ca and maximize bone ash is different from the quantity needed to maximize growth performance, which is in agreement with previous reports (Maxon and Mahan, 1983; Combs et al., 1991a,b) . Increasing concentrations of Ca may increase formation of Ca-P complexes in the gastrointestinal tract, which reduces digestibility of P (Clark, 1969; Brink et al., 1992; Stein et al., 2011; González-Vega et al., 2014) . This negative effect on digestibility of P may be one of the reasons for the negative effect of increasing concentrations of dietary STTD Ca on ADG and G:F. In 25-kg pigs that were fed increasing concentrations of true total tract digestible Ca and a constant concentration of true total tract digestible P, G:F was also reduced as dietary Ca increased (Fan and Archbold, 2012) . The observation that ADG and G:F were not negatively affected by the lowest concentration of STTD Ca indicates that pigs that were fed diets with the lowest concentrations of Ca may have been able to mobilize Ca from the bones to compensate for the deficiency of dietary Ca. It is possible that 22 d was too short a period to deplete mobile bone Ca stores and therefore observe negative effects on growth performance. Nevertheless, the fact that a negative response to ADG and G:F was not observed at the lowest level of dietary Ca prevented us from determining the minimum concentration of STTD Ca that is needed to maximize growth performance. However, the strong negative responses on ADG and G:F of including STTD Ca in diets above the identified break points are of great practical importance in feed formulation and indicate that STTD Ca in diets fed to 11-to 25-kg pigs should not exceed approximately 0.50%. The interactions between Ca and P are illustrated by the observation that as dietary STTD Ca increased, fecal excretion of P increased but P retention also increased. The reason for this response is that as dietary STTD Ca increased, increased amounts of Ca was available for bone synthesis and, as a result, increased amounts of absorbed P could be retained and less P was excreted in the urine. The reduction in urinary P excretion was greater than the increase in fecal P excretion as dietary STTD Ca increased and as a result, P retention increased.
The STTD Ca:STTD P ratios in the diets ranged from 0.88:1 to 2.00:1. The values at which dietary STTD Ca negatively affected G:F and ADG (0.50 or 0.54%, respectively) correspond to STTD Ca:STTD P ratios between 1.39:1 and 1.50:1. To maximize bone ash, bone Ca, and bone P, dietary STTD Ca above 0.48% were needed, and to maximize retention of Ca and P, a minimum of 0.60 and 0.49% STTD Ca, respectively, were needed, which correspond to STTD Ca:STTD P ratios between 1.33:1 and 1.67:1. These values are within the range of values for the Ca:P ratio in the whole body (Rymarz et al., 1982; Hendriks and Moughan, 1993; Mahan and Shields, 1998; Wiseman et al., 2009; Pettey et al., 2015) .
In studies aimed at determining Ca or P requirements in pigs, the dietary concentration of one mineral may be constant while responses to graded levels of the other mineral is observed (Fan and Archbold, 2012) . Alternatively, a constant Ca:P ratio may be used (Zhai and Adeola, 2013) . In this experiment, a constant concentration of dietary STTD P was used in diets with varying dietary Ca. In studies that used a constant concentration of dietary Ca, increasing concentrations of STTD P increased growth performance (Ekpe et al., 2002; Saraiva et al., 2009; Viana et al., 2013; Zhai and Adeola, 2013) . However, in this experiment, increasing concentrations of STTD Ca decreased growth performance, which is in agreement with results observed by VDR = vitamin D (1, ) receptor. Fan and Archbold (2012) . This observation indicates that to maximize growth performance in pigs, the ratio of STTD Ca to STTD P likely is more important than the absolute concentration of both minerals.
Calcium may be absorbed by either paracellular or transcellular routes. If luminal Ca concentration is high, most Ca is absorbed by passive diffusion using the paracellular route (Hurwitz, 1996; Fleet and Schoch, 2010) . In contrast, if luminal Ca concentration is low, most Ca is absorbed by active transport using the transcellular route, which requires Ca channels, Ca transporters, and energy (Hurwitz, 1996; Bouillon et al., 2003; Fleet and Schoch, 2010) . Calcium crosses the brush border membrane using Ca channels (TRPV6 and/or TRPV5), and in the cytoplasm, Ca is bound to Ca-binding proteins (calbindin-D9k and/or calbindin-D28k), which transport Ca to the basolateral membrane (Schröder et al., 1996; Bouillon et al., 2003; Schwaller, 2010) , where it is released from the cell via PMCA1 or by a Na + /Ca 2+ exchanger (Bouillon et al., 2003; Proszkowiec-Weglarz and Angel, 2013) . Therefore, dietary Ca concentration may affect the expression of genes related to Ca transport. As indicated by the results from the current experiment, the mRNA expression of Ca-binding proteins and Ca-channel proteins were regulated by dietary Ca concentrations in both the jejunum and the kidneys. These results indicate reduced transport of Ca via the transcellular route as dietary Ca concentration increases, and these observations are in close agreement with data obtained in mice, rats, and broiler chickens (Armbrecht et al., 1980 (Armbrecht et al., , 2003 Rosenberg et al., 1986; Hurwitz et al., 1995; van de Graaf et al., 2004; Ko et al., 2009 ). However, the observation that the absorption of Ca did not reach a plateau and continued to increase as dietary Ca increased indicates that as the transcellular uptake of Ca is reduced at greater dietary Ca concentrations, more Ca is absorbed via the paracellular route. Calcium homeostasis is mainly regulated by 2 hormones, parathyroid hormone and calcitonin (Crenshaw, 2001) . Secretion of parathyroid hormone increases at low dietary Ca concentrations due to low plasma Ca concentrations (Eklou-Kalonji et al., 1999) . Parathyroid hormone increases the production of 1-hydroxylase in the kidneys, which forms 1,25-dihydroxycholecalciferol (1,25-(OH) 2 D 3 ), the active form of vitamin D (Hurwitz, 1996; Crenshaw et al., 2011) . If 1,25-(OH) 2 D 3 is bound to VDR, upregulation of several genes involved in transcellular Ca transport may occur (Healy et al., 2005) , which may increase Ca absorption in the duodenum and jejunum and Ca reabsorption in the kidneys (Bouillon et al., 2003) . In broiler chickens, rats, and mice, the expression of TRPV6, TRPV5, S100G, and/or PMCA1 was increased in the small intestine and/or in the kidneys at low dietary Ca concentrations (Armbrecht et al., 1980 (Armbrecht et al., , 2003 Rosenberg et al., 1986; Hurwitz et al., 1995; van de Graaf et al., 2004; Ko et al., 2009) . Results from this experiment support these observations because the mRNA expression of TRPV6 and S100G in the jejunum and the mRNA expression of TRPV5, TRPV6, S100G, and CALB1 in the kidneys were downregulated as dietary Ca increased. In mice, high concentrations of dietary Ca increased mRNA expression of VDR in the kidneys but not in the duodenum (Healy et al., 2005) . However, the results of the present experiment indicate that in pigs, mRNA expression of VDR is increased only as concentrations of Ca are below or at the requirement, whereas provision of Ca above the requirement results in a reduction of the mRNA expression of VDR. Therefore, results of this experiment Table 7 . Calcium balance for pigs fed diets containing between 0.32 and 0.72% standardized total tract digestible (STTD) Ca and 0.36% STTD, P, and diets containing 0.72% STTD Ca and 0.33 or 0.40% STTD P, Exp. indicate that although, at high dietary concentrations of Ca, mRNA expression of most Ca transporters was downregulated in the jejunum, most Ca may have been absorbed using the paracellular route. As a consequence, Ca that was not needed for bone tissue synthesis was subsequently excreted in the urine, indicating that Ca balance was regulated mainly at the renal level. In contrast, at low concentrations of dietary Ca, most Ca is likely absorbed using the transcellular route. As a consequence, vitamin D-dependent transport may play a role in increasing Ca absorption from the small intestine and in Ca reabsorption in the kidneys at low concentrations of dietary Ca. In dogs, it has been demonstrated that Ca homeostasis is influenced by plasma concentrations of GH and IGF-1 via regulation of vitamin D synthesis (Tryfonidou et al., 2003) . However, we are not aware of any reports on effects of GH and IGF-I on Ca balance in pigs.
Conclusions
Growth performance of pigs was reduced if dietary Ca exceeded approximately 0.50% STTD Ca in diets containing 0.36% STTD P. However, the minimum concentration of dietary STTD Ca needed to maximize growth performance of pigs could not be determined under the conditions of this experiment, which is possibly because diets were not fed long enough to deplete the mobile bone stores of Ca. Bone ash, bone Ca, and bone P were maximized by dietary Ca at or above 0.48% STTD Ca, and retention of Ca and P was maximized if dietary Ca was at or above 0.60 and 0.49% STTD Ca, respectively. Based on these results, it is likely that the requirement for STTD Ca for 11-to 25-kg pigs is approximately 1.35 times the required STTD P, but further experiments need to be conducted to verify this value. Increasing concentrations of dietary Ca decreased expression of genes related to transcellular transport of Ca in the jejunum and kidneys of pigs, but the effect of this decrease on absorption of Ca was limited, which is likely due to increased paracellular absorption of Ca as dietary Ca increases. These observations indicate that the main site for regulation of Ca balance appears to be in the kidneys. 
